the remarkable and varied molecular and cellular mechanisms that produce these patterns. I will also consider the evolutionary consequences of uniparental inheritance and some of the proposed evolutionary explanations for this remarkable difference between the inheritance of organelle and nuclear genes.
Patterns and mechanisms of uniparental inheritance vary widely
Correns studied the four-o'-clock (Mirabilis jalapa) in which the chloroplasts are inherited exclusively from the female parent, pollen having no plastids. Although this maternal inheritance is often considered a general phenomenon of organelle gene inheritance, it is not. In Pelargonium zonale, Baur found that many progeny received chloroplasts from the female parent only, but a number received plastids from both parents, producing variegated progeny in which the maternal and paternal chloroplasts segregated into different cells. A few progeny showed chloroplasts of only the paternal type. Baur correctly guessed that this is a consequence of the random segregation of plastids between embryonic and extraembryonic cells, so that embryos and adult plants sometimes received only green or only white plastids.
Studies of chloroplast gene inheritance were quickly extended to other plant species. More than 80% of angiosperm genera show strictly maternal inheritance of chloroplast DNA (cpDNA), while the remainder produce varying numbers of offspring with biparental or even paternal transmission. Thus far, all angiosperms have been found to show strictly maternal inheritance of mitochondrial DNA (mtDNA). In striking contrast, most gymnosperms show maternal inheritance of mtDNA but paternal inheritance of cpDNA. Both mitochondrial and chloroplast genomes are inherited paternally in the coast redwood Sequoia sempervirens. The inheritance of the poky mitochondrial mutations in Neurospora showed maternal inheritance, where the maternal and paternal parents are defined as those providing the stationary and cytoplasm-rich protoperithecia versus those providing the much smaller conidia, respectively. The conidia do contain mitochondria, however, so the mechanism of maternal inheritance is obscure in this case.
Uniparental inheritance of organelle genes C. William Birky Jr.
A key part of Mendel's model of heredity is commonly referred to as his first law; in modern language, it says that alleles of a gene segregate during gametogenesis (and thus not during vegetative cell divisions). Another key element of his model is the idea that, during sexual reproduction, genes are inherited equally from the two parents; hence reciprocal crosses give the same results. The cellular mechanisms were clear within a few years of the rediscovery of Mendel's laws: during vegetative divisions, each chromosome replicates exactly once and mitosis ensures that each daughter cell gets one copy of every chromosome; meiosis, in contrast, ensures that alleles do segregate during gametogenesis, but also that each gamete gets one complete haploid set of chromosomes which it then contributes to the zygote.
In 1909, the first exceptions to Mendelian inheritance were discovered independently by Carl Correns (one of the Mendelian re-discoverers) and Erwin Baur. Some plants were seen to have cells with white or yellow instead of green chloroplasts. The plastid phenotypes deviated from Mendelian inheritance in two ways: in plants with both normal and mutant plastids, the two types of plastid segregated from each other during vegetative growth (vegetative segregation); and plastids were often inherited from only one parent (uniparental inheritance). Correns thought he was seeing the inheritance of diseased versus normal cytoplasmic states, but Baur correctly realized that he was looking at hereditary factors in chloroplasts.
It soon became apparent that vegetative segregation characterizes the inheritance of mitochondria and chloroplasts in all eukaryotes, varying only in the rate of segregation. Uniparental inheritance, in contrast, is common but not universal, and highly variable. I will discuss the variety of patterns of uniparental inheritance and
Primer
Uniparental inheritance is not limited to organisms with differentiated sexes, and is widespread among isogamous species -that is, species where the two types of gamete are morphologically similar. Sexual reproduction in the alga Chlamydomonas reinhardtii involves the fusion of cells of mating type mt + and mt − , identical except that the mt + cell initiates fusion. Chloroplast genes are inherited from only the mt + parent in more than 95% of zygotes, while mitochondrial genes are inherited exclusively from the mt − parent. Uniparental inheritance in this case is due to selective silencing, the preferential degradation of organelle DNA from one parent (Figure 1) . In other algae, the entire chloroplast from one parent is degraded in the zygote.
Sexual reproduction in the budding yeast Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pombe also involves fusion of isogametes of different mating types. Here, however, uniparental inheritance is not correlated with mating type: the majority of zygotes transmit mitochondrial genes from both parents to their progeny, in highly variable frequencies, but some transmit genes from only one or the other parent ( Figure 2 ). Uniparental inheritance in this case appears to be due to a combination of factors: random partitioning of mitochondria to buds; random replication of mtDNA; and turnover of mtDNA molecules.
One important lesson from these studies is that the terms 'maternal' and 'paternal' should only be used to describe uniparental inheritance where there are distinct male and female parents; in other words, in animals and plants. Uniparental inheritance is the general term, being applicable to any sexually reproducing eukaryote. Moreover, uniparental inheritance is a general rule of organelle heredity, but only if it is worded to allow exceptions: in most eukaryotes, at least some offspring inherit organelle genes from only one parent. This is in striking contrast to the Mendelian inheritance of nuclear genes, where every offspring inherits a complete genome from both parents, excluding sex chromosomes.
Another lesson is that there are a variety of patterns and mechanisms of uniparental inheritance. With the curious exception of doubly uniparental inheritance in mussels, animals always appear to show maternal inheritance. The mechanisms are diverse, however, with the paternal contribution being blocked at any stage in the reproductive process. Decapod crustaceans produce non-motile sperm with no mitochondria. The sperm of tunicates have a midpiece with mitochondria but it remains outside the egg during fertilization. In mammals, paternal sperm are destroyed in the fertilized egg. It appears that they are distinguished from the maternal sperm and marked for lysis by ubiquitination.
Paternal leakage in mammals
It is very difficult to exclude the possibility of low levels of transmission of organelles from one or the other parent. While some studies of chloroplast inheritance in plants included thousands of progeny, most studies examined only a small number of offspring. The problem is compounded because, if there is a low level of paternal transmission, it might be distributed as a few paternal genomes in each individual offspring, requiring sensitive methods to detect. Alternatively, rare paternal transmission might result in a high frequency of paternal genomes in a very few offspring. In this case, if one looked at n offspring and found no individuals with paternal genomes, the 95% confidence interval of zero paternal transmission is 3.7/n; for n = 100 offspring, one could not exclude as much as 3.7% paternal transmission. Probably the best method for detecting biparental inheritance would be selective polymerase chain reaction (PCR) amplification of paternal markers from large samples of tissue from many offspring. This is a problem because low levels of paternal transmission, often called paternal leakage, might be important; for example, it might affect the interpretation of human mitochondrial gene genealogies, or reduce linkage disequilibrium. An increasing number of cases of hereditary mitochondrial defects are coming to light and lend additional importance to knowing whether paternal inheritance is sufficiently common to be considered in the interpretation of pedigrees. One case of mitochondrial myopathy led to the discovery that an individual had paternal mtDNA in his muscles but maternal mtDNA in other tissues. Clearly, in this case, a significant number of paternal mtDNA molecules survived in the fertilized oocyte.
Several other cases of possible paternal inheritance have been described in humans, but laboratory artifacts are possible or likely in all of these. A variety of approaches using population genetic data have been applied to detect recombination (and hence biparental transmission) of mitochondrial DNA in humans, but no conclusive evidence has emerged. Although this conforms to the conventional wisdom that human mtDNA shows exclusively maternal inheritance, it is actually surprising. There is good indirect evidence for occasional biparental inheritance and recombination of mtDNA in other animals, including primates, and strong direct evidence for one case of paternal leakage in humans. This is to be expected: there are exceptions to almost all generalizations in biology, partly because no biological mechanism works perfectly all of the time. The real question is whether the exceptions are so common that mitochondrial genomes cannot be used to reliably track maternal lineages. The absence of strong population genetic evidence suggests that this is not a serious problem, but a healthy dose of paranoia would be prudent whenever we assume strictly maternal inheritance.
Some practical applications of uniparental inheritance
Organelle genes that are inherited strictly uniparentally can be exploited in several unique ways, examples of which follow. Maternal inheritance of a hereditary disease in a human pedigree is strong evidence that the disease is due to a mitochondrial mutation. Human mitochondrial gene sequences are being used to track the origin and movements of our female ancestors; the results can be paired with data from the Y chromosome to compare male and female movements. Mating systems and habits of animals can be deduced by using mitochondrial genotypes of offspring and potential parents, combined with data from Y chromosomes when available. Similarly, the female parents of hybrid plants can often be identified by using chloroplast genes.
Organelle genes have a much shorter coalescent time -the time to the most recent common ancestor of all of the copies of a gene in a species -because they are effectively haploid, and if they are maternally inherited, the coalescent time is reduced even more. This makes it relatively easy to detect species as clusters of similar individuals well separated from other clusters, as in DNA barcoding projects. Of course the results must be interpreted cautiously in sexual species where the organelle genotype may not effectively track the nuclear genotypes responsible for independent evolution of the species.
Evolutionary causes and consequences
Because uniparental inheritance is so common, many biologists have supposed that it must have an evolutionary advantage over biparental inheritance. A number of hypothetical advantages have been proposed, but there are also potential disadvantages. The theories mirror those involved in the evolutionary advantages of sexual versus asexual reproduction, because uniparental inheritance reduces the opportunity for different individuals to exchange genes and produce recombinant genotypes -that is, for sexual reproduction. In the extreme case of strictly maternal (or paternal) inheritance, the mitochondrial or chloroplast genome is asexual, while the nuclear genome is sexual.
One selective advantage of asexual reproduction is that it prevents the horizontal spread of selfish deleterious mutant genes and cytoplasmic parasites from one individual to another. Such elements can thus be transmitted only vertically, from parent to offspring, which limits their spread in the population. Similarly, uniparental inheritance prevents the horizontal transfer of selfish organelle genes. Such mutant genes are common in mitochondria, with examples including numerous types of respiratory deficient mutants such as poky in filamentous fungi, the petite mutants in yeast, and some mitochondrial mutants in humans. It is not known, however, whether selfish mutant genes are widespread in mitochondria of other organisms or in chloroplasts.
A second advantage of uniparental inheritance (and of asexual reproduction in general) is that it prevents the breakup of advantageous organelle genotypes by outcrossing and recombination. This can provide an advantage when an organism occupies a stable environment but in general is probably overcome by the disadvantages of losing outcrossing and recombination.
Perhaps the most important disadvantage of asexual reproduction is that natural selection is less effective in the absence of recombination and outcrossing. Thus uniparentally inherited organelle genomes, like asexual organisms, should tend to lose advantageous mutations and thus be less able to adapt to new ecological niches or changing environments. Additionally, uniparentally inherited genomes should tend to accumulate deleterious mutations faster than if they were inherited biparentally and recombined. This phenomenon, called Muller's ratchet, has been verified experimentally. If it is continued long enough, the cumulative effects of the deleterious mutations are expected to render the organelles and their critical genes nonfunctional.
This raises the interesting questions: Why are we still alive? Why are there still any photosynthetic plants and algae? Here we will mention only two of the several possible answers. Muller's ratchet works because selection on linked genes in the genetic background interferes with selection at any site. But in the case of organelles, most of the genetic background consists of the nuclear genes, which are unlinked to the organelle genes and thus have little effect on selection. Consequently the ratchet may turn slowly enough to allow compensating mutations to cancel the effects of the deleterious mutations accumulating in the organelles. This is quite reasonable considering that most organelle gene products work in concert with numerous products of nuclear genes; for example in humans the mitochondrial ribosome consists of two mitochondrially encoded ribosomal RNAs joined with mitochondrial proteins encoded by nuclear genes. Any deleterious mutations in an organelle gene can probably be compensated by mutations at several sites in any of a number of interacting proteins.
The theoretical advantages and disadvantages of uniparental inheritance are intriguing and one or another of these hypotheses is often uncritically accepted as the explanation for the prevalence of uniparental inheritance. But there is another alternative to these selective theories: uniparental inheritance may actually be effectively neutral, of little or no selective consequence for the organism. Then the frequency of uniparental inheritance would be determined principally by: the relative rates of transition from biparental to uniparental species and back, analogous to forward and backward mutation at the individual level; and the intensity of selection for other traits such as oogamy that may cause uniparental inheritance secondarily. None of these parameters is known for any organism.
In fact, all of these factors must be considered in order to achieve a complete explanation for the relative frequencies of uniparental and biparental inheritance of organelle genes. Moreover, the explanation must be sought in a phylogenetic context in which the ancestral state of the organisms can be reconstructed. It may be more fruitful to analyze the evolution of mechanisms of uniparental inheritance (organelle exclusion from the zygote, selective silencing, and so on) as opposed to patterns. Given the complexity of the task, it will almost certainly be necessary to treat one limited group of organisms at a time, and combine them into successively larger trees to achieve more general explanations, or more likely, to show that the evolutionary consequences of uniparental inheritance vary from one group to another, just as the mechanisms vary.
It should be clear from this Primer that uniparental inheritance is a quantitative trait with many different underlying mechanisms; moreover it is potentially subject to any or all of the evolutionary forces of mutation, random genetic drift, and selection within and between species. Unraveling the evolutionary history, causes, and consequences of the trait will almost certainly be much more difficult than we thought, and should provide many years of good scientific fun. collected hoary (Lasiurus cinereus) and silver-haired bats (Lasionycteris noctivagans) killed at a wind energy facility in south-western Alberta, Canada, and examined them for external and internal injuries.
Of 188 bats killed at turbines the previous night, 87 had no external injury that would have been fatal, for example broken wings or lacerations (Table 1) . Of 75 fresh bats we necropsied in the field, 32 had obvious external injuries, but 69 had haemorrhaging in the thoracic and/or abdominal cavities (Table 1) . Twenty-six (34%) individuals had internal haemorrhaging and external injuries, whereas 43 (57%) had internal haemorrhaging but no external injuries. Only six (8%) bats had an external injury but no internal haemorrhaging.
Among 18 carcasses examined with a dissecting microscope, ten had traumatic injuries. Eleven bats had a haemothorax, seven of which could not be explained by a traumatic event. Ten bats had small bullae -air-filled bubbles caused by rupture of alveolar walls -visible on the lung surface ( Figure 1A ). All 17 bats examined histologically had lesions in the lungs consistent with barotrauma (Table 1) , with pulmonary haemorrhage, congestion, edema, lung collapse and bullae being present in various proportions (Figure 1 ). In 15 (88%), the main lesion was pulmonary haemorrhage, which in most cases was most severe around the bronchi and large vessels.
Although the pressure reduction required to cause the type of internal injuries we observed in bats is unknown, pressure differences as small as 4.4 kPa are lethal to Norway rats (Rattus norvegicus) [6] . The greatest pressure differential at wind turbines occurs in the bladetip vortices which, as with airplane wings, are shed downwind from the tips of the moving blades [7] . The pressure drop in the vortex increases with tip speed, which in modern turbines turning at top speed varies from 55 to 80 m/s. This results in pressure drops in the range of 5-10 kPa (P. Moriarty, personal communication), levels sufficient to cause serious damage to various mammals [6] .
Barotrauma helps explain the high fatality rates of bats at some Bird fatalities at some wind energy facilities around the world have been documented for decades, but the issue of bat fatalities at such facilities -primarily involving migratory species during autumn migration -has been raised relatively recently [1, 2] . Given that echolocating bats detect moving objects better than stationary ones [3] , their relatively high fatality rate is perplexing, and numerous explanations have been proposed [1] . The decompression hypothesis proposes that bats are killed by barotrauma caused by rapid air-pressure reduction near moving turbine blades [1, 4, 5] . Barotrauma involves tissue damage to air-containing structures caused by rapid or excessive pressure change; pulmonary barotrauma is lung damage due to expansion of air in the lungs that is not accommodated by exhalation. We report here the first evidence that barotrauma is the cause of death in a high proportion of bats found at wind energy facilities. We found that 90% of bat fatalities involved internal haemorrhaging consistent with barotrauma, and that direct contact with turbine blades only accounted for about half of the fatalities. Air pressure change at turbine blades is an undetectable hazard and helps explain high bat fatality rates. We suggest that one reason why there are fewer bird than bat fatalities is that the unique respiratory anatomy of birds is less susceptible to barotrauma than that of mammals.
As with any airfoil, moving wind-turbine blades create zones of low pressure as the air flows over them. Animals entering these low pressure areas may suffer barotrauma. To test the decompression hypothesis, we
